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The interplay of first-principles lattice QCD calculations and experimental results can unveil nu-
cleon properties to higher precision and accuracy than either theory or experiment alone can attain.
In a simple yet novel analysis, using a combination of the strange quark electromagnetic form fac-
tors from lattice QCD and (anti)neutrino-nucleon neutral current elastic scattering differential cross
section data from MiniBooNE experiments in a kinematic region 0.3 . Q2 . 0.7 GeV2, we obtain,
the most precise determination of the weak neutral current axial form factor with weak axial charge
GZA(0) = −0.734(63)(20), and strange quark contribution to the proton spin ∆s = −0.196(127)(41).
Further, we reconstruct the MiniBooNE data along with the prediction of BNL E734 (anti)neutrino-
nucleon scattering differential cross sections in the 0 . Q2 ≤ 1 GeV2 momentum transfer region to
test the validity and predictive power of this calculation. This analysis can play an important role
in disentangling the nuclear effects in the neutrino-nucleus scattering processes.
Precision measurements of various matrix elements
associated with (anti)neutrino-nucleon (ν¯)ν −N scat-
tering can directly impact a wide variety of physi-
cal processes. These include, but are not limited to,
an understanding of solar neutrino [1–3] and atmo-
spheric [4–6] neutrino oscillations, three non-vanishing
mixing angles [7, 8] resulting in a phase-violating CP
asymmetry leading to matter-antimatter asymmetry
in the universe in the three-neutrino framework, dy-
namics of neutron-rich core-collapse supernovae [9, 10],
axial-sector structure of the nucleon, strange quark (s-
quark) contribution ∆s to the proton spin, and non-
standard interactions leading to beyond-the-standard-
model physics [11]. One such matrix element is the
weak neutral current (WNC) axial form factor (FF)
GZA, arising through the exchange of a neutral Z
0 bo-
son between the lepton and quarks.
The value of GZA is not precisely constrained from
parity-violating ~e − p scattering experiments at back-
ward angles [12–16] due to the lack of precise knowl-
edge of its Q2-behavior and radiative corrections in-
volving “one-quark” and “many-quark” contributions.
Radiative coorections involving “many-quark” contri-
butions include “anapole” effects and coherent strong
interactions. These RCs can have substantial contri-
bution at higher order of αs [17, 18] and are not well
constrained theoretically. For example, in the most re-
cent measurement [19] of the weak charge Qweak of the
proton, GZA = −0.59(34) was determined using theo-
retical constraints from Ref. [17] and incorporating a
dipole form [20] for the isovector GZ,T=1A and isoscalar
GZ,T=0A FFs.
Unlike charged-current quasi-elastic (CCQE) scat-
tering which is sensitive only to the isovector current,
neutral current elastic (NCE) (ν)ν − N scattering is
sensitive both to isoscalar and isovector weak currents
and can be a perfect tool to extract GZA without these
ambiguities of higher order RCs. The undetermined
GZA is typically eliminated from the (ν)ν−N NCE scat-
tering data analysis by imposing a value for ∆s deter-
mined by differing model assumptions, global analyses,
and employing a dipole mass MdipA obtained from the
CCQE ν − N scattering data analysis. In the latter,
the s-quark axial GsA and the charged current (CC)
(through an exchange of W± boson) axial GCCA FFs
are assumed to follow a dipole form. A major goal of
this letter is to determine the WNC axial charge GZA(0)
and its Q2-dependent FF, and hence the strange axial
charge GsA(Q
2 = 0) ≡ ∆s.
Modern neutrino scattering experiments [21–37] are
performed with (ν)ν scattering off nuclear targets.
Along with the challenge of reconstructing the incom-
ing neutrino beam energy, these experiments face a
defining challenge to systematically consider various
nuclear effects in the initial and final-states interac-
tions, and use a combination of various nuclear models
to generate the experimental events through Monte-
Carlo (MC) simulations (for detailed discussion see
Ref. [38]). An accurate determination of the (ν)ν inter-
action with a free nucleon is vital to investigate nuclear
effects in (ν)ν-nucleus scattering, and effects of various
nuclear model inputs in the MC simulations. In this
direction, using our determination of GZA(Q
2), we will
reconstruct the MiniBooNE [30, 31] NCE (ν)ν − N
scattering differential cross section and provide an ac-
curate prediction of the BNL E734 [21, 22] data in the
momentum transfer range of 0 . Q2 ≤ 1 GeV2.
The (ν)ν−N NCE differential cross-section dσ/dQ2,
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2assuming conservation of the vector current [39] which
equates the vector FFs in the EM interaction to the
corresponding FFs in the weak interaction, can be writ-
ten as [40, 41]:
dσν(ν)N→ν(ν)N
dQ2
=
G2F
2pi
Q2
E2ν
(A±BW + CW 2), (1)
where
A=
1
4
[(GZA)
2(1+τ)−{(FZ1 )2−τ(FZ2 )2}(1−τ)+4τFZ1 FZ2 ],
B = −1
4
GZA(F
Z
1 + F
Z
2 ),
C =
1
64τ
[(GZA)
2 + (FZ1 )
2 + τ(FZ2 )
2],
W = 4(Eν/Mp − τ), (2)
and the +(−) sign is for ν(ν) scattering off a free nu-
cleon. Here GF is the Fermi constant [42], Eν is the
average energy of the neutrino beam, Mp is nucleon
mass, and τ = Q2/4M2p .
The WNC Dirac and Pauli FFs FZ1,2 in Eq. (2) can be
calculated in terms of the proton and neutron EMFFs
F p,n1,2 and s-quark FFs F
s
1,2 as
FZ1,2 =
(1
2
− sin2 θW
)
(F p1,2 − Fn1,2)
− sin2 θW(F p1,2 + Fn1,2)−
F s1,2
2
. (3)
To calculate FZ1,2(Q
2), we use the most precise val-
ues of F s1,2 obtained from the lattice QCD calcula-
tions [43–45] at the physical pion mass and in the
continuum and infinite volume limits. For F p,n1,2 , we
use the most recent model-independent z-expansion
fit [46, 47], including two-photon-exchange correction,
to world electron-scattering experimental data from
Ref. [48]. With FZ1,2(Q
2) already determined, we use
dσ/dQ2 from the MiniBooNE NCE scattering experi-
ments [30, 31] over a range of Q2 discussed below to
calculate GZA from Eq. (1). It is worth mentioning that,
a somewhat similar approach was taken in Ref. [49] to
obtain s-quark Sachs EMFFs GsE,M and ∆s.
Since we use dσ/dQ2 from MiniBooNE (ν)ν−N scat-
tering experiments in our analysis, we need to keep
several limitations in mind. At this moment, imple-
mentation of all possible nuclear effects from different
nuclear models in (ν)ν-scattering MC simulations is a
daunting task if not impossible [50–52]. NUANCE [53],
the MC simulation used by the MiniBooNE Collabo-
ration, implemented NCE scattering off free nucleons
based on Ref. [54], accounted for the production of in-
termediate pions [55], the dominance of Pauli-blocking
at low Q2, and included a relativistic Fermi gas model
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FIG. 1. Neutral current weak axial form factor GZA(Q
2)
obtained from analysis combining MiniBooNE data of
(ν)ν −N scattering differential cross sections, lattice QCD
estimates of s-quark EMFFs, and model-independent z-
expansion fit to nucleon EMFFs experimental data. The
cyan and blue bands show 2 and 4-terms z-expansion fit to
the GZA(Q
2) data, respectively. The magenta band shows a
dipole fit to the data.
to account for bound states [56]. Any outgoing pions
in NUANCE simulations were given a 20% probability
to undergo final-state interaction.
Instead of a free proton target, MiniBooNE used a
mineral-oil (CH2) based Cherenkov detector, thereby
permitting (ν)ν scattering from both bound protons
and neutrons in carbon (C), and from free protons in
hydrogen (H). To obtain (ν)ν − N -scattering off free
nucleons, different efficiency corrections η associated
with NCE scattering on free protons (p) in H and on
bound protons(neutrons) p(n) in C are combined as:
dσν(ν)N→ν(ν)N
dQ2
=
1
7
ην(ν)p,H(Q
2)
dσν(ν)p→ν(ν)p,H
dQ2
+
3
7
ην(ν)p,C(Q
2)
dσν(ν)p→ν(ν)p,C
dQ2
+
3
7
ην(ν)n,C(Q
2)
dσν(ν)n→ν(ν)n,C
dQ2
.(4)
In our analysis, to avoid possible unknown systematics
related to the η-values, we restrict ourselves to data in
the Q2-regions where all three η’s in Eq. (4) are equal
to 1 within about 2%, meaning the nuclear effects are
small. Furthermore, possible effects of the dipole ax-
ial mass MdipA used as input in the MC simulation are
minimized by scattering off a p and n when η ≈ 1.
Therefore, for the determination of GZA(Q
2), we con-
sider dσ/dQ2 data extracted by MiniBooNE [30, 31]
only in the regions 0.27 < Q2 < 0.67 GeV2 (for ν −N
scattering) and 0.40 < Q2 < 0.68 GeV2 (for ν − N
scattering).
The systematic errors are correlated and common
to both ν-NCE and ν-NCE scattering measurements
by MiniBooNE. Therefore a correlated fit must be em-
ployed to obtain GZA(0) so that the uncertainties are
3not underestimated. Now, with GZA(Q
2) obtained from
the combination of experimental and lattice QCD data
in the 0.3 . Q2 . 0.7 GeV2 region as described above,
we perform a z-expansion fit [46, 47]:
GZ,z−expA (Q
2) =
kmax∑
k=0
akz
k,
z =
√
tcut +Q2 −
√
tcut√
tcut +Q2 +
√
tcut
(5)
to the GZA(Q
2) data to obtain the WNC axial charge
GZA(0). We use tcut = (3mpi)
2, representing the leading
three-pion threshold for states that can be produced
by the axial current. We also perform a dipole fit to
the data, and list the fit parameters in Table I. As we
z-exp fit Fit parameters GZA(0)
2-terms a1 = 1.378(92) -0.754(26)
3-terms a1 = 1.260(359), a2 = 0.200(623) -0.738(54)
4-terms a1 = 1.248(367), a2 = 0.127(973), -0.734(63)
a3 = 0.201(1.939)
Dipole fit MdipA = 0.936(53) GeV −0.752(56)
TABLE I. Parameters of z-expansion fit to Eq.( 5) for
GZA(Q
2) with 2, 3, and 4 terms. The last row shows results
of a dipole fit.
increase the number of fit parameters, the uncertainties
in the higher order coefficients in z-expansion increase.
However, a0 = G
Z
A(0) remains the same within the
uncertainty irrespective of the higher order terms in
the fit. This means that the higher order terms (k ≥ 2)
do not have significant impact on the fit. We consider
the z-expansion fit with 4 terms for the subsequent
analysis and add the differences in the central values
between the 2, 3, and 4-term fits in quadrature as the
systematic uncertainty of the fit to obtain a final value
GZA = −0.734(63)(20). (6)
As shown in Fig. 1, the present calculation does not
provide conclusive evidence for any statistically signif-
icant difference between z-expansion and dipole fits.
Note that we do not use GZA(Q
2) obtained from the
dipole fit in our calculation. We present the result of
the dipole fit here only for the purpose of qualitative
illustration.
An important result, demonstrated in Fig. 2, is that,
although the GsE,M contribution to the nucleon is much
smaller than the valence quark contribution as shown
in Refs. [43–45], the assumption of GsE,M (Q
2) = 0 will
lead to different results for the nucleon matrix element
GZA at the same Q
2 obtained from the ν and the ν
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FIG. 2. Neutral current weak axial form factor GZA(Q
2) by
assuming zero s-quark contribution GsE,M . An assumption
of GsE,M (Q
2) = 0 leads to different values of weak neutral
current axial form factor of the nucleon at the same Q2,
obtained from ν −N and ν −N scattering data.
scattering cross section data. Therefore its contribu-
tion cannot be ignored as have mostly been done in
previous such calculations.
One can relate GZA with the CC axial FF G
CC
A
through the s-quark axial FF [40, 41] as
GZA =
1
2
(−GCCA +GsA). (7)
With GCCA (0) = gA = 1.2723(23) [42] and G
Z
A(0) from
Eq. (6), we obtain
GsA(0) ≡ ∆s = −0.196(127)(41). (8)
The large statistical uncertainty in ∆s obtained
from Eq. (8) is understood qualitatively through er-
ror propagation arguments arising from the cancella-
tion of two large numbers. That said, one important
feature of this calculation is that the (ν)ν − N NCE
cross section depends directly on the s-quark contribu-
tion, and therefore no assumptions about SU(3) fla-
vor symmetry or fragmentation functions is needed
to obtain ∆s. We direct the reader for discus-
sion of the influences of SU(3) flavor symmetry in
Ref. [57] and fragmentation functions in Ref. [58, 59].
Within the uncertainty, ∆s in Eq. (8) is consistent
with ∆s ∼ −0.1 obtained in global fits [60–65],
∆s = 0.08(26) from MiniBooNE ν − N NCE scat-
tering [30], and ∆s = 0,−0.15(7),−0.13(09),−0.21(10)
(for various values of GsE,M ) from BNL E734 analy-
sis [41].
With our knowledge of GZA(Q
2), Eq. (2) can now be
used to obtain the (ν)ν −N differential cross sections
in the full 0 . Q2 ≤ 1 GeV2 kinematic region as shown
in Fig. 3. We are able to successfully reconstruct the
MiniBooNE data outside 0.3 . Q2 . 0.7 GeV2 region
that was used for the determination of GZA(Q
2). It is
evident from Fig. 3 that in Q2 . 0.15 GeV2, the free-
nucleon scattering prediction starts to deviate from the
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FIG. 3. Comparison of the (ν)ν −N differential cross sec-
tions between this calculation and MiniBooNE extractions.
The lowest four Q2 data points for ν − N scattering are
compiled from Ref. [66].
MiniBooNE result. One reason is the Pauli blocking ef-
fect for which low momentum transfer interactions are
suppressed due to occupied phase space. This was al-
ready included in the NUANCE MC simulation and
shown to have impact exactly in the Q2 . 0.15 GeV2
region [67, 68]. A further possible reason is nuclear
shadowing which is related to the phenomenon that
at low Q2, the resolution is not sufficient to resolve
a single nucleon wave function and therefore dσ/dQ2
decreases [69]. To demonstrate the importance of a
correct determination of GZA(Q
2), we show in Fig. 4
that the term
G2F
2pi
Q2
E2ν
1
64τ (G
Z
A)
2W 2 has the largest con-
tribution to dσ/dQ2 among individual terms in Eq. (1).
Another notable observation is that, in the Mini-
BooNE MC simulation, the values MdipA =1.23(8) GeV
for nucleons bound in C, MdipA =1.13(10) GeV for free
nucleons, MdipA =1.10(27) GeV for ν-induced resonance
pion production, and MdipA =1.30(52) GeV for multi-
pion production were used [30, 31]. However, the dipole
fit of Table I yields MdipA = 0.936(53) GeV from the
GZA data in our analysis and is in agreement with the
world average MdipA ∼ 1 GeV [70]. The successful re-
construction of the MiniBooNE data in Fig. 3, using
the z-expansion fit parameters suggests that the flux-
integrated dσ/dQ2 for (ν)ν − N scattering is indeed
not sensitive to the input of MdipA in the region where
efficiency corrections η ≈ 1 in Eq. (4).
To test the robustness of our extraction of GZA(Q
2)
and calculation of dσ/dQ2 for (ν)ν−N scattering, and
of our ability to disentangle nuclear effects, we now de-
scribe other independent data. For this purpose, we
predict dσν(ν)N→ν(ν)N/dQ2 and compare them with
those obtained from BNL E734 experiment for a given
Eν = [1.2, 1.3] GeV. We emphasize that the BNL data
was not used in our analysis to obtain GZA, and the
experimental data analysis and systematics related to
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FIG. 4. Contributions from A(Q2), B(Q2), C(Q2) defined
in Eq. (2) and GZA(Q
2) to νp and νp differential cross sec-
tions for neutrino beam energy Eν = 1 GeV. The symbol
α =
G2F
2pi
Q2
E2ν
is used in the figure for shorthand notation.
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FIG. 5. Prediction of BNL E734 experiment (ν)ν −N dif-
ferential cross sections.
BNL experiment can be different than those of Mini-
BooNE experiments. As shown in Fig. 5, we can suc-
cessfully predict the BNL E734 (ν)ν − N differential
cross sections in the entire available Q2-region, demon-
strating the validity and predictive power of our deter-
mination of GZA(Q
2) and the (ν)ν − N scattering dif-
ferential cross section using the MiniBooNE data and
lattice QCD determinations of F s1,2.
To conclude, this calculation provides the most pre-
cise value of GZA(Q
2). It is demonstrated that GZA(Q
2)
is the dominant form factor in (ν)ν−N scattering. Us-
ing this precise value of GZA, one can isolate higher or-
der radiative corrections entering in the effective GZ,effA
in parity-violating ~e− p scattering. Although the ∆s-
value obtained in this analysis has a large uncertainty,
it clearly shows a non-zero negative value and is insen-
sitive to various quark model assumptions and choices
of fragmentation functions. Finally, the robustness of
this calculation is shown through the predictive power
to describe (ν)ν − N differential cross sections from
independent experiments. Therefore, this reliable cal-
culation of (ν)ν − N scattering can have a significant
impact in disentangling the nuclear effects in data anal-
ysis of the upcoming neutrino-nucleus scattering exper-
iments.
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